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Since it was found that vitamin B12a, aquocobalamin, can be used
to reverse several biological effects caused by nitric oxide (NO)1

considerable attention has been given by chemists to the interactions
of cobalamin, Cbl, species with NO.2 An early explanation of these
effects was attributed1e-g to the formation of nitrosylcob(III)ala-
min, Cbl(III)-NO. However, there is no convincing chemical
evidence for this species in aqueous solution. Recent kinetic studies
based on stopped-flow UV-vis absorption showed that the spectral
shifts observed with Cbl(III) and NO in aqueous solution are due
to nitrite impurities, and it was concluded that Cbl(III) does not
bind NO.2a Conversely, the UV-vis spectral evidence did indicate
NO binding with vitamin B12r, Cbl(II),2 and we provided convincing
evidence of a Co-NO bond based on a Raman vibrational band
shift upon isotopic15NO substitution.2b The kinetics and mechanism
of this reversible NO binding reaction:

have been further investigated by laser flash photolysis and stopped-
flow techniques.2c Since in both of the latter two studies, a formation
constant of the order of 108 M-1 was measured for reaction 1,2b,c

it is reasonable to suggest that the Cbl(II) species plays the key
role in the biological effects of NO involving exogenous cobalamin.
On the other hand, most of these biological effects were initiated
by adding Cbl(III) to the biological system under study.1 It would
appear that there are chemical processes whereby Cbl(III) can be
utilized in a manner similar to Cbl(II) for binding NO in biological
systems.

In fact, the NADH or NADPH-linked Cbl(III) reductases could
catalyze the reduction of Cbl(III) to Cbl(II).3 However, these
reductases have been located in microsomes and in the inner
mitochondrial membrane in mammalian and human tissues and may
not be available at the sites of biological NO production. On the
other hand, glutathione, GSH, is a major intracellular reducing agent
present in almost all biological tissues. In fact, glutathionylcob-
(III)alamin, GS-Cbl(III), has been considered to be the substrate
for Cbl(III) reductase,4a and it is likely that GS-Cbl(III) is one of
the major forms of vitamin B12 in mammalian cells.4b Indeed, this
species appears to be the natural precursor of the cobalamin
coenzymes.3b,4 Very recent reports show that GS-Cbl(III) has a
unique stability in comparison with other thiolatocobalamins.5

Considering that GSH is present in most biological tissues at higher
concentrations (1-8 mM) 6 than that of Cbl and that it has a high
binding affinity for Cbl(III), 5a,7 it may well be a reservoir for Cbl-
(III) in biological systems. All of the above evidence suggests that
GS-Cbl(III) is an important intermediate for biological processes
involving vitamin B12 species. These considerations led us to study
the reaction of NO with GS-Cbl(III).

We first verified the formation of the GS-Cbl(III) complex by
UV-vis spectrophotometry. GS-Cbl(III) forms on adding GSH
to Cbl(III) in pH 7 buffer solution. Stoichiometric studies7 have
shown that a one-to-one complex forms:

Figure 1 illustrates the change in absorbance spectra as NO is
gradually added to the GS-Cbl(III) system in a pH 7 phosphate
buffer solution. A color change from violet to brown is observed,
and finally the spectrum changes in the presence of excess NO to
that of Cbl(III)-NO- with absorption peaks at 257, 277, 288, 325,
and 487 nm.2 Five isosbestic points, at 274, 308, 363, 389, 516
nm, are observed for the reaction, indicating that only two absorbing
species are involved in the conversion of GS-Cbl(III) into Cbl-
(III) -NO-. At pH 4, the isosbestic points are even sharper and
easier to obtain; however, at pH 10 they can no longer be observed,
indicating that more than two species are involved in the reaction
at higher pH.

It has been reported8 that in alkaline media, thiolates can reduce
Cbl from CoIII to CoI through reaction 3:

Since the pKa value for GSH is about 9.2, Cbl(I) formation could
be the reason the isosbestic points are no longer observed in pH
10 buffer. Eventually, Cbl(III)-NO- would be formed since we
find that Cbl(I) can be oxidized by NO to Cbl(II) which goes to
Cbl(III)-NO- in excess NO.9 Thus, with excess NO all the final
product of cobalamin is Cbl(III)-NO-.

GS-Cbl(III) has been reported to have unique stability in
comparison to other thiolatocobalamins,5b and the formation* To whom correspondence should be addressed. E-mail: birke@sci.ccny.cuny.edu.

Cbl(II) + NO / Cbl(II)-NO T Cbl(III)-NO- (1)

Figure 1. UV-vis spectra of the reaction of NO with GS-Cbl(III) in pH
7 buffer solution in a 2-mm cuvette. Cbl concentration is 4× 10-4 M,
GSH concentration is 4× 10-3 M. The amount of NO is gradually increased
from a to h. Arrows show the direction of absorbance change.

H2O-Cbl+ + GSH/ GS-Cbl + H3O
+ (2)

RS- + RS-Cbl(III) / Cbl(I) + RS-SR (3)

Published on Web 07/16/2002

9066 9 J. AM. CHEM. SOC. 2002 , 124, 9066-9067 10.1021/ja017684a CCC: $22.00 © 2002 American Chemical Society



constant for reaction 2 is 1.1( 0.3 × 105 M-1 at 25 °C in pH
5.5.5a Furthermore, we have shown2b that the binding constant of
NO with Cbl(II) is as high as 1.0( 0.5 × 108 M-1. On the basis
of the above considerations, we propose a radical substitution
reaction:

which could yield Cbl(III)-NO- by a variety of ligand substitution
mechanisms, that is, (i) dissociative (D) to form Cbl(II) and GS•
followed by NO complexation of Cbl(II), (ii) an associative (A)
path to form an intermediate with an increased coordination number,
or (iii) an interchange reaction I which forms a transition state in
which NO attacks GS-Co(III) in an associative (Ia) or dissociative
(Id) manner.S-nitrosoglutathione is not a stable intermediate since
its absorbance would interfere with the observed isosbestic points.
Our attempts to verify thiyl radical formation with ESR spectros-
copy by trapping the GS• radical with radical traps (DMPO, PBN)
failed presumably because of the competition of NO with these
traps.

We have studied the mechanism of reaction 4 by stopped-flow
UV-vis measurements made by following the absorbance decrease
at 560 nm for the reaction under nearly pseudo-first-order conditions
with NO from about 10 to 20 times higher than GS-Cbl. The decay
fits quite well to a single-exponential expression (Figure 2),
indicating the reaction is first-order with respect to GS-Cbl. A
calculated second-order rate constantk2 ) 2.82× 103 M-1 s-1 is
obtained from the change in pseudo-first-order rate constant with
concentration of nitric oxide which is linear (insert in Figure 2),
indicating that the reaction is also first-order in NO. The pseudo-
first-order rate constant is generally constant from pH 4 to 10 with
a slight increase for pH higher than 9. Since a seventh coordination
position has not been reported for Cbl, an associative (A) mech-
anism is unlikely. On the other hand, GS-Cbl(III) is very stable;
its half-life for decomposition to Cbl(II) is estimated to be longer
than 6× 104 min at pH 7.2.5b Because of the relative fast nature of
the reaction, it is highly unlikely that a dissociative (D) mechanism
is occurring. Thus, we suggest that an interchange (I) mechanism
occurs which could go by either an associative (Ia) or a dissociative
(Id) transition state. Scheme 1 shows the latter where a (Cbl(II)+
S-nitrosoglutathione) cage is formed which is similar to a previously
suggested cobalamin cage structure.10

The above results show that Cbl(III) after complexation by GSH
can be converted relatively rapidly to Cbl(III)-NO- in the absence
of a reductase. We calculate at1/2, assuming GSH is present, of
about 1.2 s for the same conditions used in a typical physiological

experiment1h where the inhibitory effect of Cbl was observed in
isolated guinea-pig basilar arteries on the vasodilatations induced
by NO. Our results show that Cbl(III) in the presence of GSH would
have the same general ability as Cbl(II) to reverse the biological
effects caused by NO. However, the above rate constant shows
that the process is relatively slow in comparison with the direct
binding of Cbl(II) with NO, which was found to be nearly diffusion-
controlled.2c

In preliminary in vitro experiments on the effect of added Cbl
on the NO-induced relaxation of the rabbit aorta ring, we found
relaxation of the aorta ring was inhibited by both Cbl(III) and Cbl-
(II) but with a faster response time for Cbl(II), Figure S3
(Supporting Information). This is consistent with a slower process
for Cbl(III) to Cbl(II) conversion.
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Figure 2. Time course for the reaction of 0.1 mM aquocobalamin plus
0.5 mM glutathione with saturated NO (1.82 mM) in pH 7 buffer solution.
The dotted lines represent the experimental data, measured at 560 nm in a
2-mm cuvette, and the full lines correspond to the fit to the data.

GS-Cbl(III) + NO f Cbl(III)-NO- + GS• (4)

Scheme 1
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